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ABSTRACT
Empirical evidence is presented to support a hypothesis that the interdecadal variation of the Indian summer
monsoon and that of the tropical SST are parts of a tropical coupled ocean–atmosphere mode. The interdecadal
variation of the Indian monsoon rainfall (IMR) is strongly correlated with the interdecadal variations of various
indices of El Nin˜o–Southern Oscillation (ENSO). It is also shown that the interannual variances of both IMR
and ENSO indices vary in phase and follow a common interdecadal variation. However, the correlation between
IMR and eastern Pacific SST or between IMR and Southern Oscillation index (SOI) on the interannual timescale
does not follow the interdecadal oscillation. The spatial patterns of SST and sea level pressure (SLP) associated
with the interdecadal variation of IMR are nearly identical to those associated with the interdecadal variations
of ENSO indices. As has been shown earlier in the case of ENSO, the global patterns associated with the
interdecadal and interannual variability of the Indian monsoon are quite similar.
The physical link through which ENSO is related to decreased monsoon rainfall on both interannual and
interdecadal timescales has been investigated using National Centers for Environmental Prediction–National
Center for Atmospheric Research reanalysis products. The decrease in the Indian monsoon rainfall associated
with the warm phases of ENSO is due to an anomalous regional Hadley circulation with descending motion
over the Indian continent and ascending motion near the equator sustained by the ascending phase of the
anomalous Walker circulation in the equatorial Indian Ocean. It is shown that, to a large extent, both the regional
Hadley circulation anomalies and Walker circulation anomalies over the monsoon region associated with the
strong (weak) phases of the interdecadal oscillation are similar to those associated with the strong (weak) phases
of the interannual variability. However, within a particular phase of the interdecadal oscillation, there are several
strong and weak phases of the interannual variation. During a warm eastern Pacific phase of the interdecadal
variation, the regional Hadley circulation associated with El Nin˜o reinforces the prevailing anomalous interdecadal
Hadley circulation while that associated with La Nin˜a opposes the prevailing interdecadal Hadley circulation.
During the warm phase of the interdecadal oscillation, El Nin˜o events are expected to be strongly related to
monsoon droughts while La Nin˜a events may not have significant relation. On the other hand, during the cold
eastern Pacific phase of the interdecadal SST oscillation, La Nin˜a events are more likely to be strongly related
to monsoon floods while El Nin˜o events are unlikely to have a significant relation with the Indian monsoon.
This picture explains the observation that the correlations between IMR and ENSO indices on the interannual
timescale do not follow the interdecadal oscillation as neither phase of the interdecadal oscillation favors a
stronger (or weaker) correlation between monsoon and ENSO indices.
1. Introduction
The Indian summer monsoon is known to have gone
through alternating epochs of above-normal and below-
normal conditions, each lasting about three decades. The
interdecadal variability is evident in various monsoon
parameters such as the all India monsoon rainfall (IMR)
Corresponding author address: Dr. V. Krishnamurthy, Center for
Ocean–Land–Atmosphere Studies, Institute of Global Environment
and Society Inc., 4041 Powder Mill Rd., Suite 302, Calverton, MD
20705.
E-mail: krishna@cola.iges.org
(Parthasarathy et al. 1994; Kripalani and Kulkarni 1997;
Kripalani et al. 1997; Webster et al. 1998), the frequency
of cyclones in the Indian monsoon region (Joseph 1976),
the homogeneous monsoon rainfall based on subdivi-
sions covering the northwestern and central parts of In-
dia (Parthasarathy et al. 1993), and circulation features
such as the April position of the 500-hPa ridge (Kri-
palani et al. 1997). The mean rainfall during the periods
1871–1900 and 1931–60 was above the long-term mean
while that during the periods 1901–30 and 1961–90 was
below the long-term mean, with relatively sharp tran-
sitions around 1900, 1930, and 1960. Several recent
studies (Allan 1993; Allan et al. 1995; Kachi and Nitta
1997; Zhang et al. 1997) have shown that El Nin˜o–
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Southern Oscillation (ENSO) is part of an interdecadal
variability. Zhang et al. (1997, hereafter ZWB) showed
that the interdecadal variability in the tropical Pacific is
strongly related to the interdecadal variability in the
North Pacific that was discussed in earlier studies (Tan-
imoto et al. 1993; Graham 1994; Graham et al. 1994;
Kawamura 1994; Kachi and Nitta 1997). They also
showed that the structure of the interdecadal variability
is very similar to the interannual El Nin˜o–Southern Os-
cillation (ENSO) mode. The ENSO-like interdecadal
variability may be considered as a coupled ocean–at-
mosphere mode of oscillation for which different cou-
pled mechanisms have been proposed (Gu and Philander
1997; Latif et al. 1997; Latif 1998; Knutson and Manabe
1998; Meehl et al. 1998).
Are the interdecadal variability associated with the
ENSO and that with the Indian monsoon related? There
is empirical evidence showing that the two may be re-
lated. Kripalani and Kulkarni (1997) showed that there
are more El Nin˜o–related droughts in the decades when
the Indian monsoon is generally below normal than dur-
ing the decades when the Indian monsoon is generally
above normal. Mehta and Lau (1997) have shown that
the low-pass-filtered (attenuating all periods shorter than
24 yr) IMR and sea surface temperature (SST) anom-
alies over the so-called Nin˜o-3 region of the eastern
Pacific (1508–908W and 58S–58N) are negatively cor-
related. If the ENSO-like interdecadal variability could
be considered as a coupled ocean–atmosphere oscilla-
tion, can the interdecadal variability of the Indian mon-
soon be considered an integral part of the same tropical
coupled mode of variability? How does the monsoon–
ENSO relation vary on the interdecadal timescale? Is
the physical mechanism for the monsoon–SST relation
on the interdecadal timescale different from that on the
interannual timescale? The objective of the present
study is to obtain some answers to the above questions.
In addition to the interdecadal variations of the ENSO
and the Indian monsoon described above, other climatic
signals in the decadal to multidecadal timescales have
been resolved in the Tropics and subtropics (Mann and
Park 1993, 1994, 1996; Mann et al. 1995; Gershunov
and Barnett 1998). Although these studies show some
similarities in the low-frequency signals, they also show
some important differences in the spatial patterns of the
signals. In the present study, we focus only on the in-
terdecadal oscillations of the ENSO and the Indian mon-
soon and show that they may be manifestations of the
same global oscillation.
The behavior of the interdecadal epochs of the mon-
soon may have great socioeconomic impact in the South
Asian region. For example, with the seasonal [June–
September (JJAS) season] rainfall being above normal
on the average, the Indian monsoon has not led to any
serious droughts during the last 8 yr. Based on the record
of IMR from 1871 to 1997 and extrapolating the trend
of the interdecadal variability, one may infer that the
Indian monsoon is in the beginning of a multidecadal
above-normal rainfall phase. However, such a conclu-
sion would be of interest only when stated with certain
confidence. Our understanding of the interdecadal var-
iability in the Tropics in general, and the monsoon in
particular, is in its very early stages. If it can be estab-
lished that the interdecadal variability of the Indian
monsoon is an integral part of a tropical coupled ocean–
atmosphere oscillation, it would provide a basis for ex-
tended predictability of such epochs. Further, within the
framework of a coupled mode, if we can understand the
physical mechanism through which ENSO and the In-
dian monsoon interact, it would add confidence to the
potential predictability of the interdecadal monsoon ep-
ochs.
The empirical relationship between IMR and ENSO
on the interannual timescale has been studied exten-
sively (Sikka 1980; Pant and Parthasarathy 1981; Ras-
musson and Carpenter 1983; Shukla and Paolino 1983;
Parthasarathy and Pant 1985; Shukla 1987). If we con-
sider the Nin˜o-3 SST anomaly as an index of the ENSO
variability, the long-term (based on 127 yr) correlation
between the seasonal anomalies of IMR and Nin˜o-3 SST
is 20.63, significant at 99.9% level. This correlation
represents a tendency of the Indian monsoon to be below
normal when the eastern Pacific is warm. However, there
are times when the ENSO-related tendency is overcome
by other factors (possibly of internal origin) in deter-
mining the seasonal mean monsoon. The physical mech-
anism through which ENSO is related to the monsoon
(e.g., the SST variations in the eastern Pacific being
negatively correlated with the IMR) has also been ad-
dressed by several studies in the recent years (Webster
1987; Webster and Yang 1992; Nigam 1994; Goswami
1998). The interannual variation of the Indian monsoon
is characterized by fluctuations of a regional Hadley
circulation. A strong monsoon is associated with anom-
alous ascent around 258N and a weak monsoon is as-
sociated with anomalous ascent near the equator (Gos-
wami et al. 1999). ENSO influences the Indian monsoon
not by direct subsidence over the Indian continental re-
gion but through an interaction between the equatorial
Walker circulation and the regional monsoon Hadley
circulation. The warm episodes of ENSO are associated
with a shift in the climatological Walker circulation to
the eastern Pacific. This shift results in enhanced low-
level convergence over the equatorial Indian Ocean and
in driving an anomalous Hadley circulation with descent
over the Indian continent and decreased monsoon rain-
fall (Goswami 1998).
The physical connection between the Indian monsoon
and ENSO on the interdecadal timescale has not been
adequately addressed so far. Using observations of IMR,
Nin˜o-3 SST and solar irradiance at the top of the at-
mosphere derived from sunspot cycle information for
the period 1872–1990, Mehta and Lau (1997) showed
that, on the multidecadal timescale, the IMR and solar
irradiance vary with nearly the same phase while the
Nin˜o-3 SST anomaly varies nearly out of phase with
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the other two. They proposed that increased solar ra-
diation produces a stronger north–south temperature
gradient and a stronger monsoon. A stronger monsoon
then produces stronger easterlies in the Pacific, and,
through local and remote effects of winds, produces
surface cooling and negative SST anomalies. While this
may be a possible mechanism, it is not clear whether
the initial north–south temperature gradient caused by
increased solar radiation would persist beyond a few
years as the upper Indian Ocean would also warm up
due to the persistent enhanced solar heating.
Most studies of interdecadal variability have been
confined to surface data as sufficiently long records are
available only for those data. Since the Indian monsoon–
ENSO relation involves teleconnections through Walker
and Hadley circulations, upper-air data are needed to
gain insight into the physical mechanism for monsoon–
ENSO interaction. For this purpose, we use a 49-yr
circulation dataset from the National Centers for En-
vironmental Prediction–National Center for Atmospher-
ic Research (NCEP–NCAR) reanalysis products. Al-
though 49 yr may not be long enough for the interde-
cadal variability, the reanalysis period (1950–98) hap-
pens to contain a major transition of the ENSO-like
interdecadal mode in the 1970s. Therefore, we expect
the reanalysis dataset to provide valuable insight re-
garding the three-dimensional structure of the interde-
cadal variability. The paper is organized as follows. Da-
tasets and method of analysis are described in section
2. In section 3, we discuss the relationship between the
monsoon and SST as well as sea level pressure (SLP)
on the interdecadal timescale, and also discuss how the
interannual monsoon–ENSO relationship is modified on
the interdecadal timescale. Section 4 provides the spatial
structures of SST and SLP associated with the inter-
decadal monsoon mode and compares with those as-
sociated with the interannual variations of the monsoon.
In section 5, we provide a physical mechanism through
which the monsoon and ENSO are related on interde-
cadal as well as interannual timescales by analyzing the
NCEP–NCAR reanalysis data and examining the three-
dimensional structure of the interdecadal variability.
The interaction between the interdecadal and interannual
variability is described in section 6 and a physical pic-
ture is provided to explain why the monsoon–ENSO
relation is basically weak. The main conclusions of the
study are summarized in section 7.
2. Data and method of analysis
The monsoon variability, represented by the IMR, is
based on rainfall observations at 306 land stations uni-
formly distributed over India (Parthasarathy et al. 1995).
The time series published by Parthasarathy et al. (1995)
has been updated to cover the period 1871–1997. For
long records of SST, we have used the analysis of global
SST for the period 1856–1991, created by Kaplan et al.
(1997) at the Lamont-Doherty Earth Observatory. This
analysis is based on the application of reduced space
optimal estimation to the global SST anomalies, where
gaps in the data are removed and sampling errors are
reduced. For SLP data, we have used the GMSLP2 da-
taset developed by the Commonwealth Scientific and
Industrial Research Organisation (CSIRO), Australia,
and the U.K. Meteorological Office (Allan et al. 1996;
Basnett and Parker 1997). This dataset consists of grid-
ded monthly SLP covering the period 1871–1995 and
has been developed by blending a combination of ex-
isting mean SLP analyses with marine and land obser-
vations using Laplacian interpolation technique.
The circulation data used in this study are the products
of the NCEP–NCAR reanalysis project (see Kalnay et
al. 1996 for details) that is based on a frozen state-of-
the-art global data assimilation system that includes a
T63 forecast model and a database that is as complete
as possible. Due to the fact that the analysis system and
the model remain unchanged throughout the analysis
period, the reanalyzed data are expected to be devoid
of any artificial climate jumps. We obtained monthly
mean horizontal winds and vertical velocity at standard
pressure levels for the period 1950–98.
Monthly anomalies of the variables were generated
by removing the climatological annual cycle from the
monthly means. Whereas the SST anomalies are based
on the climatological annual cycle of 1951–80, the
monthly climatological means of all other variables
were computed for the entire period of the respective
datasets. We also constructed seasonal anomalies for
JJAS and for December–February (DJF) from the
monthly anomalies. Because of our focus on the summer
monsoon, most of our analysis is based on JJAS seasonal
anomalies. To separate the interdecadal variations from
the interannual variations, we used an 11-yr running
mean as a low-pass filter on all the variables. Since the
major interannual variability of the monsoon is asso-
ciated with the tropical biennial oscillation and the
ENSO, this filter effectively eliminates the interannual
variations. We adopted the 11-yr running mean as the
low-pass filter after comparing it with a 7-yr running
mean and a successive application of centered 5-yr and
7-yr running means. We found that all three filters
brought out very similar interdecadal variability of the
IMR and Nin˜o-3 indices. The residual time series, after
removing the 11-yr running mean from the original time
series, is interpreted as the interannual component. This
method of separating the interdecadal variations from
the interannual variations is similar to the one used by
Kachi and Nitta (1997).
To examine the relation between IMR and SST, we
used several indices based on area averages of SST over
different regions, in a manner similar to ZWB. We used
two indices to characterize the ENSO. The SST anomaly
averaged over the Nin˜o-3 region is one such index while
the other is the Pacific cold tongue index (CT) defined
as the SST anomaly averaged over (1808–908W, 108S–
108N). An index of the Indian Ocean (IO) is defined as
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the SST anomaly averaged over (508–1008E, 208S–
208N). The selection of the IO region is based on the
observation that the SST variations over the IO region
and over the eastern equatorial Pacific (cold tongue re-
gion) are of same sign on the interannual timescale. A
North Pacific SST index (NP) is also defined as the SST
anomaly averaged over (1508E–1508W, 208–458N). An-
other index of the ENSO is a modified form of the
Southern Oscillation index (denoted by SOI*) based on
surface pressure anomaly. Similar to the definition by
ZWB, the SOI* index is defined as the area-averaged
SLP anomaly difference between the tropical Pacific
from the dateline eastward and the reminder of the trop-
ical oceans (Atlantic, Indian, and western Pacific) in the
(208S–208N) belt.
An examination of all the unfiltered time series
showed that the SOI* and all the Pacific SST indices
(Nin˜o-3, NP, and CT) do not have significant long-term
trends. However, the IO index is found to have a sig-
nificant trend, quite similar to the warming trend of the
global mean SST, going from a colder mean during
1860–1920 (approximately) to a warmer mean during
1940-present (approximately). We also found that the
global mean warming trend is mainly contributed by the
Atlantic and Indian Ocean basins. Therefore, the IO
index was calculated by removing the global mean trend
from the SST anomalies in the Indian Ocean.
3. Variability of monsoon, SST, and SLP
a. Interdecadal variability
We now examine the interdecadal variability of the
Indian summer monsoon and its relationship with sim-
ilar variability of tropical SST and SLP. The JJAS sea-
sonal anomaly of IMR during 1871–1997 and its 11-yr
running mean are shown in Fig. 1a. Similarly, the JJAS
seasonal anomaly of Nin˜o-3 SST for the period 1856–
1991 and its 11-yr running mean are shown in Fig. 1b.
All the time series in Fig. 1 are normalized by their
respective standard deviations. The Indian summer
monsoon has two above-normal epochs on the inter-
decadal timescale, one between 1878 and 1898 and an-
other between 1931 and 1960, consistent with earlier
studies (Parthasarathy et al. 1994; Kripalani and Kul-
karni 1997). The IMR also has two below-normal ep-
ochs, one during 1898–1929 and the other during 1961–
90. It is clear that there is an out-of-phase relation be-
tween the interdecadal variation of the Indian monsoon
and that of the Nin˜o-3 SST anomaly for most of the
entire period. Major transitions in the interdecadal mon-
soon signal around 1895 and 1930 correspond well with
similar transitions in the interdecadal signal of Nin˜o-3
SST. The Nin˜o-3 SST anomaly (SSTA) seems to follow
the same interdecadal oscillation of the IMR, except for
a short period (1965–75) when the out-of-phase rela-
tionship between the two interdecadal oscillations seems
to break down. The recent sustained above-normal con-
dition in the eastern Pacific is not without its counterpart
in the past. During 1900–30, the eastern Pacific equa-
torial SST anomaly generally tended to be above-nor-
mal. The two full oscillations of the interdecadal mon-
soon mode between 1880 and 1990 indicate a period of
about 55 yr, although the observational data are not long
enough to establish this unambiguously. We also note
from Fig. 1a that the positive to negative transitions of
the interdecadal monsoon mode around 1898 and 1961
are much faster than the transition from negative to
positive phase around 1930. The transition of SST from
negative to positive around 1898 is similar to the rapid
transition of the IMR around the same time, while the
transition of SST from positive to negative around 1930
is slow and similar to that of the IMR around the same
time. However, the transition of SST after 1960 is slower
before reaching the eventual positive phase of the 1980s
and 1990s.
Figure 1 indicates a strong relationship between IMR
and Nin˜o-3 SST on the interdecadal timescale. To ex-
amine whether such a relation is also evident with other
ENSO indices, we present plots of the low-pass filtered
time series of IMR and other ENSO indices (as defined
in section 2) in Fig. 2. For easy comparison, the signs
of Nin˜o-3, CT, and IO indices have been reversed. It is
clear that all the indices show a high degree of coherent
variability on the interdecadal timescale. The SOI* is
out of phase with all other indices during a relatively
short period between 1910 and 1925. Assuming that the
interdecadal variations of the equatorial Pacific are part
of a coupled ocean–atmosphere oscillation similar to
that on the interannual timescale, the low-pass filtered
Nin˜o-3 and 2SOI* may be expected to follow each
other. In fact, they do so during 1861–1910 and 1925–
90. We found (plot not shown) that, on the interannual
timescale, the two indices are close throughout the entire
period. The difference in the interdecadal timescale aris-
es due to a very small but systematic bias in the SLP
data during the period 1910–25. The SLP dataset has a
bias in the South Pacific prior to 1950 because of limited
availability of data in the Southern Hemisphere (T. Bas-
nett 1999, personal communication). The details and
relative shortcomings of the dataset are discussed by
Basnett and Parker (1997).
The correlations among different low-pass-filtered in-
dices are given in Table 1. The correlation coefficients
in Table 1 have been calculated using the data for period
1876–1986 as concurrent data for all the time series are
available for this period only. Statistical significance
tests have shown that all the correlations given in Table
1 have confidence levels above 99.9%. Therefore, we
can conclude with some confidence that the interdecadal
variations of the Indian monsoon and those of SST and
SLP are parts of a coupled ocean–atmosphere oscillation
on that timescale. It is interesting that the Indian Ocean
SST seems to vary in phase with the eastern Pacific SST
and has a negative influence on the Indian monsoon.
The fact that the low-pass-filtered IMR is more strongly
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FIG. 1. (a) Time series of JJAS seasonal anomaly of IMR (bar) and its 11-yr running mean (solid line). (b) Same as (a) but for JJAS
seasonal anomaly of Nin˜o-3 SST. The time series are plotted in their corresponding standard deviation units. The interannual standard
deviation of IMR is 0.66 mm day21 while the interdecadal standard deviation is 0.2 mm day21. For Nin˜o-3, the standard deviations of
interannual and interdecadal variations are 0.67 K and 0.15 K, respectively.
FIG. 2. Time series of low-pass-filtered JJAS seasonal anomalies of IMR, SST, and SLP indices. Signs of Nin˜o-3, CT, and IO are reversed
for convenience of comparison. All indices are in standard deviation units.
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TABLE 1. Correlation between various low-pass-filtered indices for
the period 1876–1986. The standard deviation of each index is shown
within parentheses in the first column. IMR is in mm day21, SST
indices in K, and SOI* in hPa. All correlations in this table are
significant at 99.9% level.
IMR Nin˜o-3 CT NP IO
IMR (0.2)
Nin˜o-3 (0.15)
CT (0.11)
NP (0.14)
IO (0.11)
SOI* (0.18)
1.0
20.80
20.68
0.47
20.59
0.43
1.0
0.86
20.61
0.45
20.49
1.0
20.55
0.46
20.67
1.0
20.57
0.65
1.0
20.42
FIG. 3. Same as in Fig. 2 but the time series are residues after removing 11-yr running means from JJAS seasonal anomalies (interannual
variations) and standardized.
correlated with equatorial SST indices (e.g., Nin˜o-3, CT,
IO) than with the NP may indicate that the interdecadal
monsoon–SST–SLP mode is governed by tropical cou-
pled dynamics much like the ENSO itself. No appre-
ciable lead or lag relation exists between IMR and other
indices except for IO (figure not shown).
The interdecadal monsoon–SST mode seen in Fig. 1
does not reveal perfect periodicity, although the length
of the observational data is not enough to come to a
definite conclusion. However, the approximate timescale
of the variability can be estimated to be between 50 and
60 yr based on the available time series of IMR, SST,
and SLP (Figs. 1 and 2). If the interdecadal monsoon–
SST mode is a fundamental oscillation of the tropical
climate system, we may expect a similar oscillation to
be found in paleoclimate data. Unfortunately, such re-
liable paleoclimate datasets are very few in number. In
a study of one such dataset, based on number of tree
ring samples, Pant et al. (1995) reconstructed May–Sep-
tember precipitation at Srinagar (India) going back to
1775 and March–May temperature at Mussoorie (India)
going back to 1711. They showed that both time series
revealed interdecadal oscillations, with Mussoorie tem-
perature indicating a period of about 50–60 yr and Sri-
nagar precipitation indicating a somewhat shorter pe-
riod.
b. Interannual variability
The residual time series or the interannual variations
of all the indices are shown in Fig. 3, and the corre-
lations among them are given in Table 2. The results
presented in the correlation table are consistent with
previous studies of monsoon–ENSO relationship on the
interannual timescale (e.g., Shukla 1987). The ampli-
tude of the Indian Ocean SST on the interannual time-
scale (as seen from the standard deviation) is very small
compared to the ENSO signal. While the interannual
standard deviations are about three times larger than the
interdecadal standard deviations for IMR and ENSO
indices, they are approximately of the same magnitude
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TABLE 2. Correlation between various residual (interannual) indices
for the period 1876–1986. The standard deviation of each index is
shown within parentheses in the first column. IMR is in mm day21,
SST indices in K and SOI* in hPa. Correlations significant at 99.0%
and 99.9% levels are indicated by one and two asterisks, respectively.
IMR Nin˜o-3 CT NP IO
IMR (0.66)
Nin˜o-3 (0.67)
CT (0.49)
NP (0.22)
IO (0.16)
SOI* (0.53)
1.0
20.59**
20.58**
0.23
20.07
0.62**
1.0
0.96**
20.49**
0.32**
20.81**
1.0
20.52**
0.41**
20.83**
1.0
20.48**
0.51**
1.0
20.26*
FIG. 4. Variance of JJAS seasonal anomaly of (a) IMR [(mm
day21)2], (b) Nin˜o-3 SSTA (K2), and (c) SOI* (hPa2) in an 11-yr
moving window. The mean of the 11-yr variances over the entire
period is shown in a thin straight line for each index.
for IO. The signs of the correlations between IMR and
ENSO indices on the interannual timescale are the same
as those on the interdecadal timescale. The interdecadal
time series shown in Fig. 2 and their interannual coun-
terparts shown in Fig. 3 are linearly independent as we
have found that the correlations between them are close
to zero for all the indices. The slight difference in the
correlation between IMR and Nin˜o-3 shown in Table 2
and that mentioned in section 1 is due to the fact that
the interdecadal signals have been removed from IMR
and Nin˜o-3 for the correlations in Table 2 whereas the
other correlation is between the unfiltered time series
of the seasonal anomalies.
c. Changing interannual variability and
monsoon–ENSO relationship
We now examine whether the changes in the inter-
annual variability and the monsoon–ENSO correlation
are in any way related to the interdecadal variability of
the monsoon and the ENSO indices. By calculating the
variances of the JJAS seasonal anomalies of IMR,
Nin˜o-3, and SOI* in an 11-yr moving window, the
changes in the interannual variances of monsoon and
ENSO are revealed, as shown in Fig. 4. The long-term
mean of the 11-yr variance for each index is also shown
in Fig. 4. This mean is very close to the variance of the
time series of the corresponding index over the entire
period. Two important conclusions may be drawn from
Fig. 4. First, the interannual variability of monsoon and
ENSO indices undergoes slow interdecadal modula-
tions. We note that both IMR and Nin˜o-3 have higher
than normal interannual variability during 1895–1925
and during 1960–90, while both have lower than normal
interannual variability during 1925–60. These features
correspond almost exactly to the below-normal mon-
soon (above-normal Nin˜o-3) and above-normal mon-
soon (below-normal Nin˜o-3) periods of the interdecadal
variability shown in Fig. 1. Thus, the interdecadal var-
iability appears to modulate the interannual variability
of both monsoon and ENSO. The interannual variance
of the SOI* index also shows behavior consistent with
IMR and Nin˜o-3 from 1920 onward. However, there are
some differences in the variations of SOI* and Nin˜o-3
in the early period. This may be related to the problem
of the surface pressure data mentioned earlier. Second,
the interdecadal variations of both monsoon and ENSO
activities are strongly correlated (the correlation coef-
ficient between the two curves in Figs. 4a and 4b is
0.7). Thus, the epochs of strong (weak) monsoon ac-
tivity are also epochs of strong (weak) ENSO activity
on the interannual timescale. Both these observations
support a hypothesis that the interdecadal variations of
the Indian monsoon and tropical SST are part of a trop-
ical coupled ocean–atmosphere oscillation. The general
circulation of the ocean–atmosphere system in one
phase of the oscillation may facilitate stronger monsoon
(floods and/or droughts) and ENSO (El Nin˜o and/or La
Nin˜a) variations while the conditions may not be con-
ducive for either monsoon or the ENSO to be strong in
the other phase.
The correlations between IMR and ENSO indices
(Nin˜o-3 and SOI*) in an 11-yr moving window on the
interannual timescale are shown in Fig. 5. The corre-
lations between the monsoon and ENSO clearly undergo
low-frequency oscillations. However, the period of these
oscillations seems to be close to 15–25 yr rather than
the 50–60 yr of the interdecadal oscillation. While the
interannual fluctuations of both monsoon and ENSO
indices are strongly modulated by the interdecadal
mode, the correlations between monsoon and ENSO in-
dices on the interannual timescale are not so strongly
modulated by it. This point will be discussed further in
section 6.
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FIG. 5. Correlation between JJAS seasonal anomalies of (a) IMR
and Nin˜o-3 SSTA, and (b) IMR and SOI* in an 11-yr moving window.
Confidence levels at 95% are shown in thin straight lines.
FIG. 6. Spatial patterns obtained by regressing global SST on low-
pass-filtered time series (shown in Fig. 2) of (a) IMR, (b) 2Nin˜o-3,
(c) NP, and (d) 2IO. The SST field and the time series are JJAS
seasonal anomalies. Negative contours are dashed and contour in-
terval is 0.05 K per standard deviation of the corresponding time
series.
4. Spatial structures associated with the
interdecadal monsoon variation
In this section, we examine the global structures of
SST and SLP associated with the interdecadal monsoon
mode by regressing these fields upon the low-pass fil-
tered IMR and compare them with the structures of the
same fields associated with the interdecadal SST vari-
ation. Further comparisons will be made with the re-
gression patterns associated with the interannual mon-
soon and ENSO variations.
a. Regression patterns of the interdecadal modes
The spatial patterns obtained by regressing the global
SST field upon the low-pass filtered time series of IMR,
2Nin˜o-3, NP, and 2IO indices are shown in Fig. 6. We
note a striking similarity among the four SST patterns
shown in Fig. 6, and further observe that the patterns
in Fig. 6 are also similar to the ENSO-like interdecadal
variability patterns described in earlier studies (e.g., Ka-
chi and Nitta 1997; ZWB). A major north–south dipole
pattern in the SST anomaly is present in the Pacific with
a broad negative anomaly in the eastern Pacific and a
large positive anomaly in the North Pacific centered
around 408N. The Indian Ocean has a negative anomaly
with a center in the south Indian Ocean around 208S.
The correlation between the patterns associated with
IMR and 2Nin˜o-3 is 0.88, and similar correlations of
IMR with the patterns of NP and 2IO are also high.
There are minor differences between the patterns shown
in Fig. 6 and the interdecadal pattern shown by ZWB.
These differences arise because the patterns in this study
represent only the Northern Hemisphere (NH) summer
(JJAS) SST anomaly while ZWB regressed the monthly
SST data which resulted in more weighting from the
NH winter SST pattern associated with the interdecadal
mode.
The spatial patterns obtained by regressing the global
SLP field upon the low-pass filtered time series of IMR,
2Nin˜o-3, NP, and 2IO indices are shown in Fig. 7. As
in the case of SST regression patterns, the SLP patterns
associated with the interdecadal variations of all the four
indices are also quite similar. The correlation between
the SLP patterns associated with the interdecadal IMR
and 2Nin˜o-3 is 0.89. The most striking feature in Fig.
7 is the north–south meridional dipole in the Pacific
with negative pressure anomaly in the North Pacific and
positive pressure anomaly in the southern Tropics. This
dipole is associated with anticyclonic circulations in the
subtropic of both hemispheres with easterly anomalies
in the equatorial Pacific. The patterns in Fig. 7 contrast
with the surface pressure pattern associated with the
ENSO-like interdecadal variability shown by ZWB
(their Fig. 11) because of the fact that ZWB’s regression
is based on monthly data, which produces an annual
average pattern whereas we are examining the summer
pattern. This difference indicates that the interdecadal
patterns during NH summer and NH winter are different.
This assertion is substantiated if one examines the dif-
ference in the time mean of the SLP anomaly between
the two recent epochs, 1977–93 and 1950–76, separately
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FIG. 7. Same as in Fig. 6 but the regressed field is global SLP.
Contour interval is 0.1 hPa per standard deviation of the correspond-
ing time series.
FIG. 8. Spatial patterns obtained by regressing global SST on re-
sidual (interannual) time series (shown in Fig. 3) of (a) IMR (b)
2Nin˜o-3. The SST field and the time series are JJAS seasonal anom-
alies. Negative contours are dashed and contour interval is 0.1 K per
standard deviation of the corresponding time series.
FIG. 9. Same as in Fig. 8 but the regressed field is global SLP.
Contour interval is 0.1 hPa per standard deviation of the correspond-
ing time series.
for summer (JJAS) and winter (DJF) seasons. Such an
examination reveals (figure not shown) that the JJAS
anomaly pattern is quite similar to the regression pattern
shown in Fig. 7 (with sign reversed because of regres-
sion on 2Nin˜o-3) with a north–south dipole while the
DJF anomaly pattern is similar to the pattern shown by
ZWB with the SLP anomalies of the same sign over the
entire central Pacific.
b. Comparison between interdecadal and interannual
regression patterns
The spatial structures of the interannual variability in
SST and SLP were obtained by regressing these fields
upon the residual time series shown in Fig. 3. The spatial
patterns of regression of SST on residual IMR, and
2Nin˜o-3 are shown in Fig. 8. The pattern associated
with the interannual variations of IMR is nearly identical
to that with ENSO (Nin˜o-3), and the correlation between
the two patterns is 0.95. This pattern also has strong
similarity with that of the interdecadal pattern shown in
Fig. 6 except for small differences. In the interannual
pattern (Fig. 8), the SST anomalies in the equatorial
region are stronger and more confined, whereas those
in the North Pacific are weaker. This point was also
noted by ZWB. The interannual pattern associated with
a strong Indian monsoon consists of weak negative SST
anomalies in the equatorial Indian and Atlantic Oceans
and positive anomalies in the equatorial western Pacific.
The corresponding regression patterns of SLP are shown
in Fig. 9. The spatial patterns of SLP associated with
interannual variations of IMR and 2Nin˜o-3 are again
strikingly similar to one another, the correlation between
the two being 0.94. This pattern is similar to the classical
Southern Oscillation pattern with SLP of opposite signs
between the eastern Pacific and Indian Ocean, and also
similar to the interannual pattern obtained by ZWB
(their Fig. 12). The eastern half of the Pacific is dom-
inated by SLP anomalies of the same sign extending to
the North Pacific with a minimum in the equatorial re-
gion. We note that the SLP pattern of the interdecadal
variability (Fig. 7) is different from its interannual coun-
terpart (Fig. 9) in the North Pacific. However, over the
equatorial and southern Pacific, the SLP associated with
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FIG. 10. (a) First EOF and (b) corresponding PC of JJAS seasonal
anomaly of SST, and (c) 11-yr running mean of the PC. Units are
arbitrary.
both the interdecadal and interannual variability is sim-
ilar.
From the preceding analysis, it is clear that the struc-
ture of the interdecadal variability associated with the
Indian monsoon is remarkably similar to that associated
with the ENSO-like interdecadal variability in the Pa-
cific discussed in earlier studies. Thus, the interdecadal
oscillations of monsoon and tropical SST (and SLP)
seem to be part of a global coupled ocean–atmosphere
oscillation or mode. It has already been shown (ZWB)
that the structures of the interdecadal variability of SST
and SLP and the interannual ENSO variability are very
similar. We have also seen that the structure of the in-
terdecadal monsoon variability is similar to the inter-
annual counterpart. The interdecadal variability of the
monsoon is more strongly related to the interdecadal
variability in other tropical indices (e.g., Nin˜o-3) than
with that of the extratropical index, NP.
c. EOF analysis of the global SST anomalies
To examine how the patterns of the interdecadal mon-
soon-SST mode or the interannual monsoon–ENSO
mode obtained by the regression analysis are related to
the dominant mode of the global SST variability, we
conducted an empirical orthogonal function (EOF) anal-
ysis of the JJAS seasonal anomaly of detrended global
SST. As discussed by ZWB and as explained in section
2, there is a global warming trend in the SST. An EOF
analysis of the SST without removing the trend would
show the leading mode to be dominated by the trend.
The mathematical constraint that the subsequent prin-
cipal components (PCs) be orthogonal to this trend
makes the physical interpretation of the other modes
difficult. Like ZWB, we detrended the monthly SST
anomalies at each grid point by subtracting the globally
averaged SST anomaly for that month. An EOF analysis
was carried out with the seasonal (JJAS) SST anomalies
for the period 1856–1991. The first EOF and the cor-
responding PC are shown in Fig. 10. Due to the simi-
larity between the patterns of interannual and interde-
cadal variability of the SST (as discussed in the previous
section), it is not surprising that the dominant mode
essentially brings out the common pattern associated
with both the modes of variability. The time series of
the 11-yr mean of the first PC (PC1), also plotted in
Fig. 10, clearly shows that the interdecadal variability
of the dominant SST mode is similar to that of Nin˜o-3
or IMR (Fig. 2). It is clear that PC1 contains both in-
terannual and interdecadal variability. The correlation
between the low-pass-filtered PC1 and low-pass filtered
Nin˜o-3 is 0.86, while that between residual PC1 and
residual Nin˜o-3 is 0.92. The correlation between low-
pass-filtered PC1 and low-pass-filtered IMR is 20.69
while that between residual PC1 and residual IMR is
20.54. Thus, the dominant SST mode seems to be an
integral part of the monsoon–SST modes in both inter-
decadal and interannual timescales.
5. Physical mechanisms in Indian monsoon–ENSO
relation
In this section, we examine the 49-yr dataset of the
NCEP–NCAR reanalysis to gain insight into the three-
dimensional structure of the interdecadal monsoon–SST
mode and to understand how the monsoon and SST are
linked on this timescale. The linkage on the interdecadal
timescale will be compared with a similar linkage be-
tween the Indian monsoon and ENSO on the interannual
timescale in order to understand why there are more
floods (droughts) in India associated with the cold
(warm) eastern Pacific phases of the interdecadal SST
variability. As mentioned in section 1, the Pacific SST
and the Indian monsoon are linked through an inter-
action between the regional monsoon Hadley circulation
and the equatorial Walker circulation, whether it is on
the interdecadal or the interannual timescale. Although
there have been several studies of the ENSO-like in-
terdecadal variability, no study, to our knowledge, has
documented the three-dimensional structure of the
mode.
a. Monsoon–SST relation on interdecadal timescale
We now investigate the structures of the Walker cir-
culation and the monsoon Hadley circulation associated
with the interdecadal mode. The regressions of the hor-
izontal wind (U, V) and negative pressure vertical ve-
locity (2v) on the low-pass-filtered IMR and 2Nin˜o-3
at 11 standard pressure levels between 1000 hPa and
100 hPa were calculated. The structure of the Walker
circulation was then obtained by averaging the regres-
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FIG. 11. Walker circulation associated with the interdecadal mon-
soon and SST variability. Longitude–height section, averaged over
108S–108N, of regression of zonal wind and negative pressure vertical
velocity (U, 2v) on low-pass filtered time series of (a) IMR and (b)
2Nin˜o-3 indices. All regressed fields and indices are JJAS seasonal
anomalies. Unit vector in the horizontal direction is 1 m s21 (standard
deviation)21 while that in the vertical direction is 0.01 Pa s21 (standard
deviation)21. Streamlines are shown in thin lines.
FIG. 12. Regional Hadley circulation associated with the interde-
cadal monsoon and SST variability. Latitude–height section, averaged
over 708–1208E, of regression of meridional wind and negative pres-
sure vertical velocity (V, 2v) on low-pass-filtered time series of (a)
IMR and (b) 2Nin˜o-3 indices. All regressed fields and indices are
JJAS seasonal anomalies. Unit vector in the horizontal direction is
0.6 m s21 (standard deviation)21 while that in the vertical direction
is 0.006 Pa s21 (standard deviation)21. Streamlines are shown in thin
lines.
sions between 108S and 108N. The height–longitude sec-
tions depicting the Walker circulation associated with
the interdecadal monsoon and Nin˜o-3 oscillations are
shown in Fig. 11. We note that the Walker circulation
associated with the interdecadal IMR and Nin˜o-3 modes
are similar to each other, supporting our earlier conclu-
sion that they are essentially the same mode. The Walker
circulation is characterized by a wavenumber two struc-
ture in the east–west direction. Associated with a pos-
itive phase of the interdecadal monsoon oscillation,
there is ascending motion around the dateline and de-
scending motion over the Indian Ocean centered around
958E and over South America centered around 608W.
The descending motion around 608W forms a third cell
along with the ascending motion in east Africa centered
around 408E. A narrow fourth cell is formed by the
descending motion over the equatorial Indian Ocean and
the ascending motion over eastern Africa.
The structure of the monsoon Hadley circulation was
obtained by averaging the regressions between 708E and
1208E. The height–latitude sections in Fig. 12 depict
the monsoon Hadley circulation associated with the in-
terdecadal monsoon and Nin˜o-3 variations. The mon-
soon Hadley circulation associated with the positive
phase of the interdecadal monsoon oscillation (or the
negative phase of Nin˜o-3) is characterized by two anom-
alous meridional circulations with descending motion
around the equator and ascending motion around 208N
and 158S, respectively. While the anomalous Hadley cell
in the Southern Hemisphere (SH) is deep, extending to
the surface, the cell in the NH is confined above 500
hPa. The ascending motion around 208N is less pro-
nounced in the middle levels but more evident in lower
and upper levels. The descending motion around the
equator extends up to 158N making the southern Hadley
cell larger in meridional extent than the northern Hadley
cell. Thus, the Walker and the Hadley circulations have
common descending motion over the equatorial Indian
Ocean, suppressing the equatorial tropical convergence
zone (TCZ) and facilitating the continental TCZ to
thrive. The ascending motion over the monsoon conti-
nent around 208N of the Hadley mode is also associated
with relatively strong descending motion in the sub-
Himalayan region between 258N and 358N.
b. Monsoon–SST relation on interannual timescale
The structures of the Walker and monsoon Hadley
circulations associated with the interannual variability
are discussed in this subsection. As in the previous sub-
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FIG. 13. Walker circulation associated with the interannual mon-
soon and SST variability. Longitude–height section, averaged over
108S–108N, of regression of zonal wind and negative pressure vertical
velocity (U, 2v) on residual time series of (a) IMR and (b) 2Nin˜o-3
indices. All regressed fields and indices are JJAS seasonal anomalies.
Unit vector in the horizontal direction is 1 m s21 (standard deviation)21
while that in the vertical direction is 0.01 Pa s21 (standard devia-
tion)21. Streamlines are shown in thin lines.
FIG. 14. Regional Hadley circulation associated with the interan-
nual monsoon and SST variability. Latitude–height section, averaged
over 708–1208E, of regression of meridional wind and negative pres-
sure vertical velocity (V, 2v) on residual time series of (a) IMR and
(b) 2Nin˜o-3 indices. All regressed fields and indices are JJAS sea-
sonal anomalies. Unit vector in the horizontal direction is 0.2 m s21
(standard deviation)21 while that in the vertical direction is 0.002 Pa
s21 (standard deviation)21. Streamlines are shown in thin lines.
section, regressions of U, V, and 2v on the residual (or
interannual) IMR and 2Nin˜o-3 at 11 standard pressure
levels between 1000 hPa and 100 hPa were calculated.
The height–longitude sections depicting the Walker cir-
culation associated with the interannual monsoon and
SST variations are shown in Fig. 13. The Walker cir-
culations associated with the interannual IMR (Fig. 13a)
and Nin˜o-3 SST variations (Fig. 13b) closely resemble
each other, except for very small differences in the re-
gions 808W–08 and 408–608E at lower levels. The Walk-
er circulation associated with a strong monsoon (La
Nin˜a) is dominated by a strong anomalous east–west
cell with descending motion in the eastern Pacific cen-
tered around 1408W and ascending motion in the west-
ern Pacific centered around 1308E. On either side of this
cell there are two weaker cells, one with ascending mo-
tion over South America centered around 608W and
another with descending motion over the equatorial In-
dian Ocean centered around 808E. Additionally, there
are two weak cells over the Atlantic and Africa. This
picture would be reversed during a drought phase of
Indian monsoon or during an El Nin˜o.
The height–latitude sections depicting the monsoon
Hadley circulation are shown in Fig. 14. The monsoon
Hadley circulation associated with the positive phase of
the interannual monsoon variation (or the negative phase
of Nin˜o-3) is characterized by two anomalous meridi-
onal circulations with descending motion between 58N
and 158N and ascending motion around 258N and 08–
208S, respectively. The descending motion near the
equator is rather weak and confined to the lower at-
mosphere compared to the strong and deep descending
motion in the north and south. There are minor differ-
ences between the Hadley circulation anomalies asso-
ciated with IMR (Fig. 14a) and those associated with
Nin˜o-3 (Fig. 14b) in the equatorial upper atmosphere.
The two anomalous regional Hadley cells brought out
by the regression analysis are characteristic of the in-
terannual monsoon variability, as shown in a recent
study (Goswami et al. 1999). Taking the standard de-
viations of the IMR and Nin˜o-3 time series into con-
sideration, the regression patterns (Figs. 12 and 14) in-
dicate that the strengths of the anomalous Hadley cir-
culations associated with the interannual and interde-
cadal variations are comparable. A better picture of the
strengths of these Hadley circulations can be obtained
from the composite Hadley anomalies. The strength of
the anomalous interdecadal Hadley circulation is shown
in Fig. 15a as the difference between composites of low-
pass filtered winds from cold and warm periods of the
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FIG. 15. Composite regional Hadley circulation: latitude–height
section, averaged over 708–1208E, of meridional wind and negative
pressure vertical velocity (V, 2v). Difference between composites
of (a) low-pass filtered winds for cold (1956–60) and warm (1986–
90) periods of the interdecadal SST variation, (b) residual winds for
five strong and five weak monsoon years, and (c) residual winds for
five La Nin˜a and five El Nin˜o years. Unit vector in the horizontal
direction is 1.0 m s21 while that in the vertical direction is 0.01 Pa
s21.
interdecadal SST variation. Similarly, the strength of
the interannual Hadley circulation is shown in Figs. 15b
and 15c as the difference in the composites of residual
winds between strong and weak monsoon years and
between La Nin˜a and El Nin˜o years, respectively. Figure
15 indicates that the strengths of the regional Hadley
circulations associated with the interdecadal and inter-
annual modes are quite comparable. The structures of
the Hadley circulation composites in Fig. 15 are also
similar to the corresponding regression patterns in Figs.
12 and 14. As with the interdecadal mode, both the
Walker and Hadley circulations associated with the in-
terannual mode have descending motion over the equa-
torial Indian Ocean suppressing the equatorial TCZ.
c. Three-dimensional structure of the interdecadal
mode
In section 5a, we derived the three-dimensional struc-
ture of the circulation associated with the interdecadal
variability using regression analysis. Here, we present
the three-dimensional structure of the interdecadal cir-
culation mode using an independent analysis and com-
pare it with the regression pattern. Since we are mainly
concerned with the NH summer in this study, we con-
sider only the JJAS circulation anomalies for all 49
years. The interdecadal components of the circulation
anomalies were separated using the same low-pass filter
(11-yr running mean) as before. We performed a com-
bined EOF analysis of the low-pass filtered winds (U,
V, v) at 850 hPa, 500 hPa, and 200 hPa. The spatial
patterns of the first EOF are shown in Fig. 16, and the
corresponding patterns obtained by regressing the wind
fields on the low-pass-filtered Nin˜o-3 index are shown
in Fig. 17 for comparison. The first PC (not shown)
confirms that this mode indeed represents the major in-
terdecadal component with a transition in the 1970s.
The wind structure in the lower and upper atmosphere
indicates a first baroclinic mode structure in the vertical.
The striking similarity between the patterns obtained
through the two independent analyses indicates that the
three-dimensional structure obtained by the regression
analysis represents the true structure associated with the
interdecadal variation.
6. Relationship between interannual and
interdecadal variability of circulation
The analysis of the previous section indicates that
there are some differences in the Walker circulation as-
sociated with the interdecadal and the interannual var-
iations. However, both circulation modes consist of de-
scending (ascending) motion over the equatorial Indian
Ocean associated with strong (weak) phases of the mon-
soon. There are also some differences in the monsoon
Hadley circulation associated with the interdecadal and
interannual modes. The descending motion, between the
equator and 158N, associated with the positive phase of
the interdecadal monsoon mode is quite strong relative
to the corresponding ascending motion in the north and
south (Fig. 12a). The descending motion associated with
the interannual counterpart is weak relative to the cor-
responding ascending motion in the north and south
(Fig. 14a). However, within 258S–208N, the strong
(weak) phases of both the modes consist of two anom-
alous Hadley cells with descending (ascending) motion
in the equatorial Indian Ocean region and ascending
(descending) motion over the Indian continent (158–
258N) and over the SH (108–258S).
Based on the similarities in the monsoon Hadley cir-
culation anomalies (and also in Walker circulation
anomalies over the equatorial Indian Ocean) associated
with the interdecadal and interannual variations, a con-
ceptual picture of the interaction between monsoon and
ENSO may be constructed. We recall that the strength
of the Indian monsoon depends on the strength of the
regional monsoon Hadley circulation. Within a partic-
ular phase of the interdecadal oscillation there could be
several strong and weak phases of the interannual var-
iations. During a warm phase of the interdecadal SST
variation, the decrease in the monsoon rainfall is as-
sociated with the anomalous ascending motion in the
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FIG. 16. Spatial patterns of (a) horizontal wind (U, V) at 200 hPa;
(b) pressure vertical velocity, v, at 500 hPa; and (c) horizontal wind
(U, V) at 850 hPa associated with the dominant mode of a combined
EOF analysis of low-pass filtered JJAS seasonal anomalies of all the
fields shown. Units of EOF are arbitrary.
FIG. 17. Spatial patterns obtained by regressing (a) horizontal wind
(U, V) at 200 hPa; (b) pressure vertical velocity, v, at 500 hPa; and
(c) horizontal wind (U, V) at 850 hPa upon low-pass-filtered time
series of Nin˜o-3 index. All regressed fields and Nin˜o-3 index are
JJAS seasonal anomalies. Unit vectors in (a) and (c) are 2.0 and 1.0
m s21 (standard deviation)21, respectively. Contour interval in (b) is
0.004 Pa s21 (standard deviation)21 and negative contours are dashed.
equatorial Indian Ocean and descending motion over
the Indian continent (through the modification of the
Walker circulation that also influences the regional Had-
ley circulation), just the same way it happens during an
El Nin˜o episode on the interannual timescale. The two
modes being linearly independent, the monsoon varia-
tions would be determined by a superposition of the
interdecadal and interannual anomalies.
Figure 18 schematically illustrates how the interaction
between the interdecadal and interannual variations of
the SST is associated with the monsoon variability,
keeping in mind the discussion related to Fig. 15 pre-
sented in section 5b. The illustration is limited to what
happens in two interannual extremes (El Nin˜o and La
Nin˜a) when the interdecadal SST mode is in the positive
phase of eastern Pacific SST, and therefore when the
interdecadal Hadley and Walker circulations remain the
same. In an El Nin˜o episode within this interdecadal
phase, the interannual regional Hadley and Walker cir-
culations are in phase with the interdecadal variations,
thus further weakening the monsoon circulation and en-
hancing the possibility of significantly decreased rainfall
over the Indian continent. On the other hand, the in-
terannual Hadley and Walker circulation anomalies over
the monsoon region during a La Nin˜a episode within
this interdecadal phase are opposite to the interdecadal
anomalies and essentially negate the tendency of the
interdecadal oscillation to produce decreased rainfall
over the Indian continent.
Thus, in a warm phase of the interdecadal SST mode,
droughts are likely to be associated with El Nin˜o events
while floods are unlikely during La Nin˜a events. Sim-
ilarly, in the colder phase of the interdecadal SST var-
iation, the Indian monsoon rainfall is unlikely to be
strongly affected during El Nin˜o events while floods
could be expected during La Nin˜a events. This physical
picture helps to explain the observation that while there
are epochs when El Nin˜o events are strongly related to
droughts in India, there are also epochs when El Nin˜o
events and droughts are not as strongly related, and also
explains why the correlation between eastern Pacific
SST and IMR is not very strong. In one phase of the
interdecadal oscillation, El Nin˜o events are related to
droughts but the La Nin˜a events are not related to floods,
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FIG. 18. Schematic representation of monsoon–ENSO interaction
as a combined effect of the interdecadal and interannual modes. The
regional Hadley circulation and the Walker circulation associated with
one phase of the interdecadal mode (positive eastern Pacific phase
of the interdecadal SST variation) are shown in solid lines. The re-
gional Hadley and Walker circulation associated with two extremes
[(a) El Nin˜o and (b) La Nin˜a] of the interannual variations (dashed
lines) are superposed on the interdecadal mode.
and the situation reverses in the other phase of the in-
terdecadal oscillation. As neither phase of the interde-
cadal oscillation favors increased or decreased corre-
lation between the monsoon and eastern Pacific SST,
the interdecadal oscillation does not modulate the cor-
relation between the monsoon and Pacific SST on the
interannual timescale. This relation also explains why
the changes in the interannual correlations (Fig. 5) lack
correspondence with the interdecadal variability of IMR
or Nin˜o-3 (Fig. 1).
7. Conclusions
Both the Indian summer monsoon and Pacific SST
are known to have interdecadal oscillations. As shown
by Kripalani and Kulkarni (1997), the interdecadal var-
iation of the Pacific SST is not simply a result of the
changes in the frequency of El Nin˜o and La Nin˜a events.
Similarly, the interdecadal variability of the Indian mon-
soon does not result simply from changes in the fre-
quency of interannual droughts and floods. The inter-
decadal variations of both monsoon and SST appear to
be of a more fundamental nature. We have presented
empirical evidence to support the hypothesis that the
interdecadal variations of the Indian monsoon are an
integral part of a coupled monsoon–SST mode.
R Using long time series of IMR, SST, and SLP, at least
125 yr long, we showed that the low-pass-filtered IMR
is strongly correlated with various low-pass-filtered
indices of ENSO, such as the Nin˜o-3 SSTA index, the
modified SOI based on the global SLP data, the cold
tongue index (CT), the North Pacific SST index (NP),
and an index of Indian Ocean SST (IO). The corre-
lation between the low-pass-filtered IMR and equa-
torial indices of ENSO (e.g., Nin˜o-3 and CT) is stron-
ger than that with off-equatorial index NP, indicating
that the interdecadal monsoon–SST mode may be a
tropical coupled ocean–atmosphere mode just like its
interannual counterpart.
R The global patterns of SST and SLP associated with
the interdecadal variations of the Indian monsoon (the
low-pass-filtered IMR) are nearly identical with those
associated with the ENSO-like interdecadal variabil-
ity.
R The amplitude of the interannual fluctuations of both
Indian monsoon and ENSO seem to increase or de-
crease simultaneously and closely follow the inter-
decadal oscillation. For example, in the warm eastern
Pacific phase of the interdecadal SST mode (or the
below-normal phase of the Indian monsoon), the in-
terannual variances of both IMR and Nin˜o-3 SST are
high while in the opposite phase of the interdecadal
mode they are low.
Using the 49-yr circulation data from the NCEP–
NCAR reanalysis project and regressing the circulation
fields upon the low-pass filtered IMR (or Nin˜o-3) time
series, we obtained the three-dimensional structure of
the interdecadal monsoon–SST mode and gained insight
into how the interdecadal mode influences the mon-
soon–ENSO relationship on the interannual timescale.
Similarly, the three-dimensional structure of the inter-
annual monsoon–SST mode was obtained by regressing
the circulation fields upon the residual (interannual)
IMR (or Nin˜o-3) time series. The structure of the in-
terdecadal mode obtained through the regression anal-
ysis was found to be similar to the structure of the
dominant mode obtained by an independent combined
EOF analysis of the low-pass-filtered circulation fields.
The vertical structure of the interdecadal mode in the
equatorial region is first baroclinic, similar to its inter-
annual counterpart. This similarity between the inter-
decadal and interannual mode should probably be ex-
pected as the SST patterns (and hence the atmospheric
heating distribution) associated with the two modes are
known to be similar. We showed that both the regional
Hadley circulation anomalies and Walker circulation
anomalies associated with the strong (weak) phases of
the interdecadal oscillation are similar to those associ-
ated with the strong (weak) phases of interannual var-
iability over a considerable part of the equatorial region.
We also showed that the strength of the anomalous Had-
ley circulation associated with the interdecadal vari-
ability is comparable to that associated with the inter-
annual variability.
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There are several strong and weak phases of inter-
annual variations within a particular phase of the inter-
decadal oscillation. During a warm eastern Pacific phase
of the interdecadal SST variation, the regional Hadley
circulation associated with El Nin˜o reinforces the pre-
vailing anomalous interdecadal Hadley circulation while
that associated with La Nin˜a opposes the prevailing in-
terdecadal Hadley circulation. Therefore, during the
warm phase of the interdecadal oscillation, El Nin˜o
events are expected to be strongly related to monsoon
droughts while La Nin˜a events may not have a signif-
icant relation. On the other hand, in the cold eastern
Pacific phase of the interdecadal oscillation, La Nin˜a
events are more likely to be related to monsoon floods
while El Nin˜o events are unlikely to have a significant
relation with the Indian monsoon. Thus, there is a fun-
damental reason why the monsoon–ENSO relation is
not very strong on the interannual timescale. In either
phase of the interdecadal oscillation, only one phase of
the interannual variation reinforces the local Hadley cir-
culation while the other phase almost cancels the in-
terdecadal Hadley circulation. Whenever, the interde-
cadal and the interannual Hadley circulations reinforce
each other, the coupled mode (or boundary forcing) is
strong and may overcome the effects of the internal
dynamics. On the other hand, when the interdecadal and
interannual Hadley circulations oppose each other in the
monsoon region, internal processes may govern the state
of the Indian monsoon.
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